The Perognathus longimembris species group currently consists of 3 species and approximately 23 subspecies. Members of this species group have been of considerable interest to biologists in both physiological and ecological studies, and several members are threatened with extinction. No one has yet attempted a phylogenetic study including several populations from each of these 3 species to test the monophyly of these taxa and to elucidate the relationships among the species and subspecies. Mitochondrial DNA sequences from the cytochrome-b gene were used to assess the genetic variation among these species and to make a 1st approximation of the number of species that should be recognized taxonomically in this species group. Results indicate that the Arizona pocket mouse, P. amplus, and the San Joaquin pocket mouse, P. inornatus, are monophyletic entities, and should remain as single polytypic species, whereas the little pocket mouse, P. longimembris, is paraphyletic in the maximum-likelihood and maximum-parsimony phylogenies, suggesting that it might best be split into 2 polytypic species.
grasshopper mice. He found the longimembris species group to be monophyletic, and his phylogeny reconstructed P. amplus as sister to the other 2 species. Finally, Swei et al. (2003) investigated the genetic structure of numerous populations of endangered or threatened subspecies of P. longimembris from southern California, using a single representative of P. amplus and 2 subspecies of P. inornatus as outgroups to root their tree. They found that the southern California populations of P. longimembris, despite much reduction in population size because of loss of habitat to development, retain substantial population subdivision and uniqueness, although this structure is poorly reflected in the subspecific taxonomy.
In this paper, a phylogeny is constructed for the longimembris species group based on 800 base pairs (bp) of the mitochondrial cytochrome-b gene. Specifically, I examine 4 hypotheses of relationship, including all possible combinations of sister relationships that have been proposed for the 3 taxa. First, the morphological (phenetic) similarity between P. inornatus and P. amplus (Best 1993) , and the possession in both species of 2 pairs of medium-sized submetacentric chromosomes with satellites or secondary constrictions (Williams 1978 ) suggest a sister-group relationship between these 2 species. Second, the extensive similarity of karyotypes in P. amplus and P. longimembris in diploid number (McKnight and Lee 1992) unites these 2 species to the exclusion of P. inornatus, which possesses several populations with karyotypes differing in diploid number (Patton and Rogers 1993) . Third, the geographic distribution of the 3 species, timing of the development of potential geological isolating barriers (Colorado River and Sierra Nevada Mountains), and the empirical result of Riddle (1995) all suggest a sister-group relationship between P. inornatus and P. longimembris to the exclusion of P. amplus. The 4th category includes all the possible phylogenetic trees where the 3 species are not reciprocally monophyletic.
The species concept I use in this paper is a modification of the phylogenetic species concept of Mishler and Theriot (2000) . The modification is the retention of the subspecies designation for taxa included within monophyletic groups, but the main criterion for species status is monophyly in gene trees. The identification of more closely related taxa as subspecies is preferred because it provides an easy mechanism in the taxonomy to show some of the history of the group. For instance, application of this modified phylogenetic species concept retains the names Perognathus amplus amplus, P. a. cineris, and P. a. taylori, which are more revealing about the relationships among these taxa. An application of the unmodified phylogenetic species concept would produce the names P. amplus, P. cineris, and P. taylori, which reveal nothing about relationship, and do not in themselves show that they are closer to each other than either is to P. flavus, for example.
MATERIALS AND METHODS
DNA sequences in this paper either were obtained from sequencing efforts herein, were received as electronic sequence data (from J. Patton, Museum of Vertebrate Zoology, University of ClaiforniaBerkeley), or were downloaded from the National Center for Biotechnology Information public database (for source of data and National Center for Biotechnology Information accession numbers see Appendix I). Tissue samples were removed from humanely killed specimens according to animal handling guidelines approved by the American Society of Mammalogists (Animal Care and Use Committee 1998) , and in accordance with animal use protocols on file at the University of Illinois, University of California-Davis, and Southwest Missouri State University. For all but 1 sequence, the 59 end of mitochondrial cytochrome b was amplified using classical polymerase chain reactions between the primer pair gludgL and cytb2H (Palumbi et al. 1991) and was sequenced by using Sequenase (United States Biochemical, Cleveland, Ohio; for details see McKnight [1995] ). The remainder of the molecule was amplified by using the primer combination gludgL and cytb3H (Palumbi et al. 1991) and sequenced by using dye-terminator chemistry on an ABI 377 automated sequencer (Applied Biosystems, Foster City, California). The sequence of P. l.
FIG.
1.-Distribution of Perognathus amplus, P. inornatus, and P. longimembris, the 3 members of the Perognathus longimembris species group in the western United States, and their respective subspecies boundaries (based on opinions of distribution of Hall and Kelson [1959] , Hoffmeister [1986] , and Williams et al. [1993] ). Two very restricted subspecies not sampled in this study, P. l. salinensis and P. l. tularensis, are not pictured. Numbers on map refer to collecting localities of specimens used in this study, and agree with numbers in Appendix I and on the phylogenies (Figs. 2 and 3) .
gulosus was obtained through polymerase chain reaction by using the same primers (gludgL and cyb3H), then sequenced with dye-terminator chemistry on an ABI 310 sequencer (Applied Biosystems). Sequences produced from different directions were manipulated and joined by using GeneJockey (Biosoft, Cambridge, United Kingdom), and aligned by using Clustal-X (Thompson et al. 1997) .
Phylogenies were constructed by using maximum-likelihood (ML) and maximum-parsimony (MP) methods in PAUP* 4.0b10 (Swofford 1998) . The computer program Modeltest 3.06 (Posada and Crandall 1998) (Huelsenbeck and Ronquist 2001) , performing 1 million generations sampling 1 tree from the hottest of 4 chains every 100th generation; the chain temperature differential was 0.2, and the other Bayesian parameters were 6 character states, À distributed rate variation, and other starting parameters set as suggested by Modeltest. To evaluate the likelihood of the 3 possible hypotheses of sister relationship, I generated constraint trees using MacClade 4.03 (Maddison and Maddison 2001) , found ML trees conforming to these constraints, and tested them against the ML tree with the Shimodaira-Hasegawa test in PAUP*. Unweighted MP searches were heuristic; starting trees were found by 10 replicates of random taxon addition; tree-bisection-reconnection branch-swapping was performed on 4 trees held at each step. Decay indices were calculated from a consensus tree of the 9 MP trees by using the program TreeRot version 2c (Sorenson 1999 ). Kimura 2-parameter genetic distances (Kimura 1980) were calculated between taxa by using PAUP*; this statistic was chosen to facilitate comparison to previous studies and opinions regarding genetic distance and species status (Bradley and Baker 2001) . All trees were rooted by using P. flavus and P. apache as outgroups.
RESULTS
All 24 specimens in this study have 800 bp of usable sequence from cytochrome b except P. l. virginis Beaver Dam, which is missing 54 bp from the middle of its sequence, and P. l. gulosus, which is missing 38 bp from the 59 end. The ML phylogeny produced from these data ( Fig. 2 ) and the topologically identical MP bootstrap (not shown) are inconsistent with all 3 possible hypotheses of sister relationship; on this tree P. amplus is monophyletic and sister to the remaining 2 species, and P. inornatus also is monophyletic but arises from within P. longimembris, making the latter species paraphyletic.
On the ML ( Fig. 2 ; Àln likelihood ¼ 4715.86881) and MP ( Fig. 3 ) phylogenies produced from these data, the longimembris-inornatus sequences consistently form 3 groups: a group containing P. l. virginis Mesquite, P. l. arizonensis, and P. l. virginis Beaver Dam (monophyletic in MP; not monophyletic in ML and MP bootstrap); a monophyletic P. inornatus; and a sister group to P. inornatus containing the remaining 7 subspecies of P. longimembris. The basal group contains specimens of P. longimembris from northern Arizona, southern Utah, and southeastern Nevada; these 3 samples are arranged on both the ML tree and MP bootstrap tree as 2 sequential branches from the main trunk (Fig. 2) , but in the strict consensus tree of the 9 equally most-parsimonious trees ( Fig. 3; 819 steps, consistency index ¼ 0.6129, homoplasy index ¼ 0.3871), they formed a single monophyletic clade. Similarly, in the ML searches constrained to make the traditional species monophyletic, this basal group was always sister to the remaining P. longimembris. The middle group contains all known variant populations of P. inornatus, including 2 unnamed karyotypic forms. One form with 52 chromosomes was discovered by D. Laabs (pers. comm.) near Edwards Air Force Base, California. The 2nd form is from Jepson Prairie Reserve, Solano County, California, and is represented here by a single specimen that was found freshly dead, so it could not be karyotyped, but based on geographical grounds it probably represents the same population as a single individual from nearby Lake County that had 60 chromosomes instead of the 56 that is typical of P. inornatus neglectus from the western side of the Central Valley (Slayden 1985; Williams et al. 1993 ). Both of these forms currently are assigned to P. i. neglectus (Williams et al. 1993) . The final group among the longimembris-inornatus includes representatives of 7 different named subspecies, the most divergent of which is P. l. bombycinus.
Some aspects of the phylogeny presented here are well supported, as shown by Bayesian posterior probabilities (Fig. 2) and MP bootstrap proportions and decay indices (Fig. 3) . The entire longimembris species group is monophyletic; this result is Fig. 1 and Appendix I. Numbers above or near branches are Bayesian posterior probabilities (9,001 trees out of 1,000,000 generations). A majority rule consensus tree of 1,000 bootstrap iterations under maximum parsimony is topologically identical to this tree. Edwards AFB is Edwards Air Force Base in southern California.
found in all analyses performed with numerous other species and genera included. The populations assignable to P. amplus form a solidly supported monophyletic group. The combined longimembris-inornatus clade is well supported, as is the monophyletic P. inornatus. Although the ML and MP phylogenies are consistent in reconstructing a paraphyletic P. longimembris, this result is not statistically well supported. The low Bayesian posterior probabilities, MP bootstrap proportions, and decay indices at the crucial nodes (Bayesian: 58%, 88%; MP bootstrap: ,50%, 51%; decay indices: 2, 3; Figs. 2 and 3) are indicative of the lack of support for this hypothesis, whereas the Shimodaira-Hasegawa test (Table 1) indicates that the ML tree is a statistically better hypothesis than 2 of the hypotheses of sister relationship, but not different from the hypothesis ((inornatus, longimembris) amplus).
DISCUSSION
Number of species in this species group.-What do the data and the phylogeny presented here indicate about the number of species in the longimembris species group? Is it best to continue recognizing the 3 existing species, or should the number be increased or decreased to best represent the inferred evolutionary history of this group? A full answer to this question should await more data, perhaps from nuclear gene regions, but the data at hand, and other aspects of the biology and distribution of these mice, can support some conclusions.
First, taxa currently designated P. amplus certainly are distinct from all other members of the species group; they form a well-supported monophyletic group separate from other taxa (Figs. 2 and 3) , and as a group they differ from the other ingroup taxa in this study by an average Kimura 2-parameter distance of 16.60% (range: 13.74-19.80%). It might be worth considering elevating the 3 taxa within P. amplus to species status, because they differ from each other by very high genetic distances, suggesting a long history of independent evolution (amplus versus cineris, 11.80%; amplus versus taylori, 11.60%; cineris versus taylori, 12.44%-Bradley and Baker 2001). Plus, P. a. cineris geographically is isolated from the other 2 taxa. However, there is evidence of extensive introgression between P. a. amplus and P. a. taylori (Hoffmeister 1986; McKnight 1995) so, despite the fact that reproductive isolation or its absence is not a criterion in the species concept used here, it is best to await more data. P. amplus also is allopatrically distributed relative to the other 2 species except at 1 place (Wenden, La Paz County, Arizona), where no evidence of hybridization with P. longimembris has ever been found. Hoffmeister (1986) discusses 3 specimens he suspects are hybrids between P. amplus and P. longimembris collected in places other than Wenden. Examination of 2 of these 3 specimens indicated they were juveniles with domed crania and unworn 3rd upper molars. The fact that they were intermediate between true P. longimembris and true P. amplus in Hoffmeister's principal components analysis could have more to do with their juvenile status than any possible hybrid origin. Karyotypic differences among the subspecies of P. amplus are restricted to differences in number of autosomal arms (FN); all P. amplus have 2n ¼ 56 chromosomes (McKnight and Lee 1992; Patton and Rogers 1993; Williams 1978) . The populations in the northern part of Arizona (P. a. cineris and northern P. a. amplus (Sorenson 1999) . Data for this analysis are from specimens of Perognathus amplus, P. inornatus, P. longimembris, and the outgroup taxa P. flavus and P. (flavescens) apache. Note that maximum parsimony reconstructs the 3 taxa P. l. virginis Beaver Dam, P. l. arizonensis, and P. l. virginis Mesquite as a monophyletic group sister to P. inornatus and the rest of P. longimembris. Numbers preceding taxon names correspond to collecting localities in Fig. 1 and Appendix I. Edwards AFB is Edwards Air Force Base in southern California. taylori. An additional karyotype with FN ¼ 84 is known from P. amplus north of the Gila River and east of the Salt River in Arizona (formerly P. a. jacksoni); this form was not included in this study, but because of their different karyotype it is possible that they represent a 4th taxon in P. amplus. All taxa currently identified as P. inornatus form a wellsupported monophyletic group (Figs. 2 and 3) , and thus are consistent with remaining a single species. These taxa differ from P. longimembris by an average Kimura 2-parameter distance of 8.07% (range: 6.89-10.13%) and among themselves by an average distance of 4.43% (range: 1.91-7.61%). As noted earlier, the named and unnamed taxa of P. inornatus all differ in diploid number of chromosomes: P. i. inornatus, 2n ¼ 50; P. i. neglectus, 2n ¼ 56; P. i. neglectus Edwards AFB (Air Force Base), 2n ¼ 52; P. i. neglectus Jepson Prairie, 2n ¼ 60? (D. Laabs, pers. comm.; Patton and Rogers 1993; Slayden 1985; Williams 1978) . As Williams et al. (1993) point out, the taxonomic problems within P. inornatus and between it and P. longimembris are great, and will require substantial work and data from several aspects of their biology to clarify.
The number of species within P. longimembris is difficult to decide because of the parphyly of the taxon in the ML and MP trees, and the lack of significant superiority of these trees to those where P. longimembris is a monophyletic sister group of P. inornatus. A further complication to this decision is the disagreement between the ML tree (Fig. 2) on the one hand, and the strict consensus of 9 MP trees (Fig. 3) on the other. The different topologies of these trees result because of the disagreement between the conceptually different analyses of ML and MP, yet the data that address the discrepancy are few in number, and thus the MP bootstrap tree is similar in topology to the ML tree. In fact, when the ML tree topology is analyzed under MP criteria it is only 2 steps longer than an unconstrained MP tree. Nevertheless, the consistent split between the more ancestral P. l. arizonensis, P. l. virginis Beaver Dam, and P. l. virginis Mesquite and the remaining 7 subspecies may warrant taxonomic revision when sequence data from nuclear genes are applied to this question. The Kimura 2-parameter distances between P. l. arizonensis and the remaining taxa are high, and may be inflated because of some questionable automated sequencing base calls in the last one-half of its sequence (see Fig. 2 ), so these distances have been omitted in all comparisons. Yet, it is not surprising for P. l. arizonensis to show a greater genetic divergence in this larger data set, because it was among the most divergent populations of P. longimembris found by McKnight (1995) . The 2 remaining northern taxa (P. l. virginis) differ from the remaining P. longimembris by an average Kimura 2-parameter distance of 8.17% (range: 7.47-8.99%). This value is slightly higher than the average divergence between P. inornatus and P. longimembris, and, although less than Bradley and Baker's (2001) suggested cutoff, supports splitting P. longimembris into 2 species. Among the remaining subspecies of P. longimembris, the most divergent is P. l. bombycinus with an average divergence of 5.27% (range: 4.56-5.77%), whereas P. l. gulosus is the only remaining subspecies with Kimura 2-parameter distances greater than 2% when compared to the remaining subspecies (average: 2.92%, range: 2.39-3.36%). The remaining 5 subspecies (bangsi, brevinasus, internationalis, longimembris, and pacificus) differ by an average Kimura 2-parameter distance of 1.48% (range: 0.25-2.42%). It is worth noting here that in addition to its greater sequence divergence from the other members of its clade, P. l. bombycinus is the only subspecies in P. longimembris to differ in karyotype from the rest of the species; it has a diploid number of 56 with 88 autosomal arms (FN), whereas all other P. longimembris that have been documented have 2n ¼ 56, FN ¼ 86 (McKnight and Lee 1992; Patton and Rogers 1993) .
To summarize, despite large genetic differences on the one hand, and differences in diploid number of chromosomes on the other, it is the best reflection of the evolutionary history of these pocket mice to retain 1 species of P. amplus (with 3 subspecies: amplus, cineris, and taylori), and 1 species of P. inornatus (with 2 or 3 named and possibly 2 unnamed subspecies: inornatus, neglectus, psammophilus?, neglectus Edwards AFB, and neglectus Jepson Prairie). If further data support the ML and MP result obtained in this study, then P. longimembris would best be split into 2 species: 1 distributed in northern Arizona, southern Utah, and southeastern Nevada called P. arizonensis (with minimally 3 subspecies: arizonensis, virginis Beaver Dam, and virginis Mesquite), and P. longimembris containing the remaining subspecies currently named in this species.
Completeness of coverage.-The taxa used for this study are a nearly complete sampling of the named variation in the species group (Fig. 1) . Although P. amplus historically was split into 7 subspecies, Hoffmeister (1986) performed an extensive morphological analysis of P. amplus and reduced that number to 4, and McKnight (1995) found that mtDNA restriction fragment data indicated the presence of only 3 major haplotype groups, with P. a. amplus and P. a. pergracilis forming 1 group, and P. a. cineris and P. a. taylori the other 2 groups. The variation in P. inornatus also is well represented here: all but 1 of the known karyotypic forms have been sampled, including 2 that have not yet been formally named. The missing form is the 2n ¼ 56, FN ¼ 88 karyotype of P. i. neglectus from the Carrizo Plain (Williams 1978) . Although the variation in P. inornatus still needs substantial work before it is fully understood (Williams et al. 1993) , the samples in this paper represent what currently is known. Coverage of variation in P. longimembris appears at first not to be nearly as complete, but this is not true for the following reasons. Of the 16 names currently listed by Williams et al. (1993) , 8 are sampled in this study, and I use a name (P. l. virginis) that was synonymized with P. l. arizonensis by Hoffmeister (1986) in error in my opinion. Therefore, this study has 9 of 17 named taxa for P. longimembris. Of the 8 missing names, 5 are restricted in distribution only to their type localities (aestivus, kinoensis, salinensis, tularensis, and venustus), and most of these appear from their original descriptions to have been named on the basis of slight color differences. Two names probably are synonyms of P. l. bombycinus; in fact, it was Hoffmeister's (1986) opinion that P. l. pimensis was a synonym of P. l. bombycinus (although this synonymy was ignored by Williams et al. [1993] ), and he also pointed out that these mice were nearly indistinguishable from P. l. kinoensis. The 2 remaining subspecies, P. l. nevadensis and P. l. panamintinus, are both broadly distributed subspecies that are distributed generally north of P. l. longimembris and west of P. l. gulosus, and I doubt that they are significantly different in cytochrome-b sequence from P. l. longimembris. Reasoning for this conclusion is that P. l. longimembris and P. l. gulosus are only slightly divergent in cytochrome-b sequence, despite the nearly 600-km distance between the collecting localities. This suggests that P. l. gulosus represents a set of populations that have expanded their distribution northward during the recent interglacial, and it is possible that when sequence data from P. l. nevadensis and P. l. panamintinus are included with this data set, they also will be found to have had a similar post-Pleistocene history and to be quite similar to P. l. longimembris.
